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deviees  for  the  blue/ultraviolet  speetral  range. 
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Abstract — ZnO  has  gained  considerable  interest  recently  as  a 
promising  material  for  a  variety  of  applications.  To  a  large  extent, 
the  renewed  interest  in  ZnO  is  fuelled  by  its  wide  direct  band  gap 
(3.3  eV  at  room  temperature)  and  large  exciton  binding  energy 
(60  meV)  making  this  material,  when  alloyed  with  e.g.  Cd  and  Mg, 
especially  attractive  for  light  emitters  in  the  blue/UV  spectral 
region.  Unfortunately,  as  with  other  wide-gap  semiconductors, 
ZnO  suffers  from  the  doping  asymmetry  problem,  in  that  the 
«-type  conductivity  can  be  obtained  rather  easily,  but  p-type 
doping  proved  to  be  a  formidable  challenge.  This  doping 
asymmetry  problem  (also  dubbed  as  the  p-type  problem  in  ZnO) 
is  preventing  applications  of  ZnO  in  light-emitting  diodes  and 
potential  laser  diodes.  In  this  article,  we  provide  a  critical  review 
of  the  current  experimental  efforts  focused  on  achieving  p-type 
ZnO  and  discuss  the  proposed  approaches  which  could  possibly 
be  used  to  overcome  the  p-type  problem. 

Index  Terms — ZnO,  p-type,  impurities,  point  defects 


I.  Introduction 

nique  optical  and  electronic  properties,  such  as  direct 
wide  band  gap  of  3.3  eV  at  room  temperature,  high 
exciton  binding  energy  of  60  meV,  and  possibly  high 
radiation  hardness  make  ZnO  an  attractive  material  for  many 
device  applications,  such  as  light  emitters  and  detectors, 
transparent  thin-fdm  transistors,  highly  conductive  transparent 
oxides,  gas  sensors,  etc.  [l]-[3].  While  some  of  these  devices 
can  be  realized  in  ZnO  with  unipolar  conduction,  attainment  of 
ZnO-based  light-emitting  devices  utilizing  electrical  injection 
hinges  on  having  both  high  quality  n-  and  p-type  ZnO  with 
ffee-carrier  concentrations  well  in  excess  of  10*^  cm~^, 
preferably  in  the  10**  cm  *  range.  The  prerequisites  for  “useful” 
p-type  ZnO  are  for  the  acceptor  concentration  to  be  much 
higher  than  the  donor  concentration  (low  compensation),  and 
low  acceptor  ionization  energy,  preferably  well  below  0.2  eV  in 
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the  dilute  limit.  In  order  to  achieve  high  substitutional  acceptor 
concentration,  the  solid  solubility  of  the  particular  acceptor 
impurity  in  mind  must  be  high  with  a  low  self  compensation 
ratio. 

Although  ZnO  undoubtedly  has  found  and  continue  to  find 
its  way  into  some  applications  that  are  based  on  unipolar 
conduction,  such  as  varistors  [4],  gas  sensors  [5]  [6], 
transparent  thin-film  transistors  [7]-[9],  highly  conductive 
transparent  oxides  as  a  less  expensive/more  abundant 
alternative  to  indium  tin  oxide  (ITO)  [10]  [11],  the  lack  of 
highly  p-type  conductivity  continues  to  impede  the 
development  of  ZnO-based  light  emihers.  As  stated,  ZnO,  as  is 
the  case  for  other  wide-gap  semiconductors,  suffers  from  the 
doping  asymmetry  problem,  in  that  it  can  be  doped  n-type 
rather  easily,  but  /7-type  proved  to  be  a  formidable  challenge 
which  from  a  practical  point  of  view  has  not  been  conquered 
yet.  In  general,  the  doping  asymmetry  arises  from  the  fact  that 
wide-gap  semiconductors  either  have  a  low  valence-band 
maximum  or  a  high  conduction-band  minimum  [12]  [13].  Some 
semiconductors  such  as  ZnTe,  CdTe,  and  diamond  in  which  the 
valence  band  is  relatively  close  to  the  vacuum  level  have 
preferable  p-type  conductivity.  Therefore,  achieving  n-type 
conductivity  is  very  difficult,  diamond  being  the  case  in  point. 
In  contrast,  ZnO,  ZnSe,  ZnS,  and  CdS,  which  their  valence 
bands  relatively  far  from  the  vacuum  level,  have  preferable 
n-type  conductivity.  Consequently,  nominally  undoped  ZnO 
has  n-type  conductivity  with  a  carrier  concentration  in  bulk 
ZnO  crystals  varying  from  about  10*"*  to  mid-10*^  cm  *,  and 
room-temperature  mobility  =  200  cm*W s  [14].  The  source  of 
this  conductivity  is  due  to  intrinsic  defects  such  as  oxygen 
vacancies  (Vo)  [15]  [16]  acting  as  deep  donors,  interstitial  Zn 
(Zui)  [17]  and  Zn  antisites  (Zuo*  )  forming  shallow  donor 
levels  [16],  and  background  hydrogen  acting  as  donor  at 
interstitial  sites  [18].  Zn  vacancies  (Vzn)  which  have  a  low 
formation  energy  in  n-type  material  are  the  dominant  acceptors 
in  the  as-grown  n-type  ZnO  as  shown  by  positron  annihilation 
spectroscopy  [19].  To  date,  n-type  doping  is  relatively  well 
established  through  the  substitution  of  group  III  elements  (Al, 
Ga,  In)  on  the  Zn  sites.  Highly  conductive  n-type  ZnO  (n  >  10*** 
cm*)  can  be  produced  by  intentional  doping  (e.g.,  see  the 
review  by  Ozgiir  et  al.  [1]  and  references  therein). 
Unfortunately,  the  same  intrinsic  defects  which  are  responsible 
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Fig.  1.  Schematic  dependence  of  the  formation  energy  of  charged 
defects  on  the  Fermi  energy  position  (courtesy  of  Y.  F.  Yan  and  S.  H. 
Wei). 

for  «-type  doping  tend  to  aggravate  the  efforts  to  achieve  /'-type 
doping  by  compensating  the  potential  acceptors. 

In  this  manuscript,  we  critically  review  the  experimental 
and  theoretical  efforts  expended  on  overcoming  the  /'-type 
problem  in  ZnO  which  is  considered  as  the  main  obstacle  to  the 
development  of  ZnO-based  optoelectronics  devices.  We  first 
delve  into  the  impediments  in  achieving  a  robust  /'-type  ZnO  in 
Section  II.  This  is  followed  by  a  brief  overview  of  the 
experimental  efforts  and  the  current  status  of  the  problem  in 
Section  III.  Finally,  strategies  proposed  recently  which  can  be 
used  to  overcome  the  p-type  problem  are  discussed  in  Section 
IV. 

II.  ROADBLOCKS  TO  ACHIEVING  P-TYPE  ZnO 

In  general,  there  are  three  fundamental  factors  that  raise 
obstacles  to  attaining  /'-type  conductivity:  (;)  spontaneous 
formation  of  defects  compensating  /J-type  impurities,  (ii) 
limited  solubility  of  /J-type  impurities  [20]  and  precipitate 
formation  [21],  and  (Hi)  relatively  deep  acceptor  levels  [22] 
which  remain  unionized  at  operating  temperatures.  To  make 
matters  worse,  the  available  data  when  scrutinized  show 
instability  of  /'-type  conductivity  in  ZnO,  reverting  to  «-type 
conductivity  within  a  matter  of  days  [23].  Furthermore,  due  to 
localization  effects  accompanying  /'-doping  experiments,  one 
should  also  be  vigilant  about  the  accuracy  of  /'-type 
conductivity  determination. 

Among  the  above  mentioned  obstacles,  the  compensation 
problem  is  perhaps  the  most  challenging  one  in  wide-gap 
semiconductors  in  general  and  to  a  relatively  large  extent  in 
ZnO.  Fig.  1  shows  schematically  the  general  trends  in  the 
formation  energies  of  charged  compensating  defects  as  a 
function  of  the  Fermi  level  (Ep)  position  [24].  Incorporation  of 
donors  or  acceptors  into  semiconductors  changes  the  Ep 
position,  which  can  lead  to  spontaneous  formation  of  the 
compensating  charged  defects.  For  instance,  when  a 
semiconductor  is  doped  with  an  acceptor  impurity,  Ep  shifts 
towards  the  valence  band  maximum.  In  this  case,  the  formation 
energy  of  the  charged  donor-type  defects  decreases.  With  the 
valence  band  maximum  being  far  from  the  vacuum  level,  the 
decrease  in  the  formation  energy  of  donor  defects  can  be 
substantial  [25]  which  favors  their  formation  and  also  result  in 
compensating  the  very  acceptor  impurities  that  one  is 
attempting  to  incorporate.  Let  us  consider  in  greater  detail  the 


donor  defects  which  known  to  be  the  major  “killers”  of  /'-type 
ZnO. 

O  vacancies.  Vq  is  a  deep  donor  in  ZnO  as  predicted  by 
theory  and  determined  from  EPR  experiments  [16]  [26]. 
Therefore,  it  is  not  responsible  for  n-type  conductivity. 
However,  oxygen  vacancies  have  a  low  formation  energy  in 
/'-type  ZnO  [16],  and  therefore,  they  can  compensate  the 
intended  acceptors. 

Zn  interstitials.  Zn  interstitials  are  shallow  donors  [27] 
[28].  They  are  probably  responsible  for  the  ~  30-meV  donor 
centers  created  by  electron  irradiation  [17].  Zui  is  reported  to 
have  a  high  formation  energy  in  n-type  material  [29]  but  it 
reduces  dramatically  when  the  Fermi  level  approaches  the 
valence  band  [25].  This  means  that  it  too  could  be  responsible 
for  thwarting  efforts  to  achieve  /J-type  conductivity. 

Zn  anticites.  Zn  anticites  (Zno)  are  deep  donors.  However, 
they  have  a  large  formation  energy  and  thus  unlikely  to  act  as 
major  compensation  centers  in  /'-type  ZnO  [25]. 

In  addition  to  the  fundamental  problem  of  acceptor 
compensation  by  native  defects,  chemical  elements  acting  as 
donors  can  also  pose  a  problem  in  attaining  /J-type  material 
since  they  can  out-diffuse  from  the  substrate  or  be  incorporated 
in  the  growing  ZnO  film  from  the  growth  environment  such 
sample  holders,  process  gases,  chamber  walls,  etc.,  and  the  raw 
materials  where  they  are  present  as  impurities.  The  major  donor 
impurities  in  ZnO  are  discussed  below. 

Hydrogen:  Hydrogen  is  not  amphoteric  in  ZnO  and 
always  acts  as  a  donor  [18].  The  ionization  energy  of  a 
hydrogen  donor  is  ~  35  -  40  meV  [30]  [31].  It  is  typically  not 
the  dominant  donor  in  the  as-grown  bulk  ZnO  with  the 
exception  of  the  material  fabricated  by  seeded  chemical  vapor 
transport  where  hydrogen  contributes  significantly  to  the 
conductivity  [31].  However,  hydrogen  is  omnipresent  in 
metal-organic  chemical  vapor  deposition  (MOCVD)  systems 
and  is  a  fast  diffuser  even  at  a  temperature  of,  e.g.,  600  °C  [32] 
[33].  Hydrogen  passivates  acceptors,  such  as  Nq,  by  forming 
H-A  complexes.  A  signature  of  hydrogen’s  presence  in  ZnO  is 
the  3.363  eV  donor-bound  exciton  line  in  photoluminescence 
spectra  which  is  usually  denoted  as  line  4  [34]. 

Group  III  elements  (Al,  Ga,  In)  on  the  Zn  sites:  Ionization 
energies  of  Al,  Ga,  and  In  donors  are  53,  55,  and  63  meV, 
respectively  [34].  Group-Ill  elements  can  out-diffuse  from  the 
foreign  substrates,  e.g.,  Al  from  sapphire  [35]  [36]  or  Ga  from 
GaN  [34]  on  which  the  epitaxial  layers  are  grown  and  could 
aggravate  efforts  to  achieve  /'-type  conductivity  ZnO  layers. 

Group-VII  elements  (F,  Cl,  Br)  on  O-sites:  Highly 
conductive  «-type  ZnO  films  doped  with  F  [37]  [38]  and  Cl 
[39]  have  been  reported.  The  experimental  data  show  that 
concentrations  of  intentional  F  and  Cl  donors  in  ZnO  can  be  of 
the  order  of  10^°  cm'^  pointing  to  high  solubility  limits.  No  data 
on  the  diffusivities  of  these  elements  and  ionization  energies  of 
the  corresponding  donor  centers  are  available  at  the  present 
time. 

In  addition  to  the  rather  fundamental  problem  of  doping 
asymmetry,  inhomogeneous  impurity  incorporation  causes 
potential  fluctuations  which  defeat  the  purpose  to  some  extent 
and  also  in  turn  make  the  determination  of  the  conductivity  type 
via  the  Hall  effect  rather  difficult.  Conducting  substrates,  such 
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as  ZnO,  GaN,  Si,  GaAs,  heterogeneous  systems,  such  as  ZnO 
on  GaN/Si  and  ZnO  on  GaN/sapphire,  could  provide  parallel 
conduction  channels,  which  could  also  occur  via  conduction 
(polarity)-type  conversion.  For  example,  if  semi-insulating  or 
n-type  GaAs  substrate  is  used,  one  should  consider  the 
possibility  of  its  conversion  to  /7-type  conductivity  due  to 
Zn-diffusion.  Grain  boundaries,  surface  conduction  [40], 
impurity  segregation  and  even  the  formation  of 
two-dimensional  electron  gas  (2DEG)  at  the  film/foreign 
substrate  interfaces  can  be  responsible  for  parallel  conduction. 
Further  complications  can  be  introduced  due  to  the  fact  that  and 
microcrystalline  material  can  show  positive  Hall  coefficient. 

To  exemplify  the  effect  of  multilayer  conduction  let  us 
discuss  the  well-known  problem  of  Hall-effect  analysis  for  a 
semiconductor  with  two-band  conduction  (co-existing  n-  and 
/7-type  regions)  [41].  This  has  been  discussed  recently  by 
Claflin  et  al.  [42]  in  the  context  of  ZnO.  The  Hall  coefficient  in 
a  material  with  two-band  conduction  can  be  expressed  as: 

~  .  a  ~  /  a  (1) 

e(P^^+nnJ 

It  is  clear  that  Rh'^  0,  when pyLp  -  npn  ^  ft  in  which  case  a 
singularity  occurs  in  the  apparent  carrier  concentration  if  the 
single-band  analysis  of  the  Hall  measurements  is  employed  for 
samples  with  two-band  conduction.  Using  typical  values  =  1 
cm^W s,  pn  =  200  cmWs,  and /7  =  4xl0'*  cm'^,  a  transition  from 
/7-type  {Rh  >  0)  to  n-type  {Rh  <  0)  polarity  will  be  observed  for 
electron  concentrations  in  n-type  channel  as  low  as  -1x10*'' 
cm'^.  The  above  treatment  naturally  assumes  that  the  cyclotron 
motion  within  the  sample  is  not  hindered,  except  by  the 
physical  boundaries  of  the  sample.  When  localization  takes 
place,  which  is  an  endemic  problem  in  wide  bandgap 
semiconductors  doped  with  acceptor-type  impurities 
particularly  at  high  concentrations,  the  carriers  are  trapped  in  a 
sense  and  cannot  really  follow  the  electric  field  induced  force 
(for  small  values  of  field  which  is  the  case  in  Hall 
measurements)  and  Lorentz  force.  When  and  if  this  happens, 
the  applicability  of  the  conventional  Hall  measurements  would 
come  under  question,  particularly  at  low  temperatures. 

III.  CURRENT  STATUS  OF  P-TYPE  DOPING 

Known  acceptors  in  ZnO  are  group  lA  elements  (Li,  Na, 
K),  group  IB  elements  (Cu,  Ag,  An),  group  VA  elements  (N,  P, 
As,  Sb),  and  Zn  vacancies.  Intrinsic  /7-doping  via  Zn-vacancies 
is  not  reliable,  because  it  is  difficult  to  control  the  needed  small 
deviations  from  stoichiometry  and  stability  of  non-equilibrium 
point  defects.  Therefore,  the  main  approach  for  achieving 
/7-type  ZnO  is  the  substitution  of  some  of  the  host  matrix 
elements  with  acceptor  impurities. 

One  possible  approach  is  the  introduction  of  a  group  lA 
element,  such  as  Li,  Na,  and  K  on  Zn  sites.  As  predicted  by  the 
density  functional  theory  (DFT)  [43],  Li,  Na,  and  K  form 
acceptor  levels  are  at  0.09,  0.17,  and  0.32  meV  above  the 
maximum  of  the  valence  band,  respectively.  Table  1 
summarizes  ionization  energies  for  known  acceptors,  both 
predicted  by  theory  and  measured  in  experiments.  However, 
doping  with  group  lA  elements  suffers  from  their  very  high 
diffusivities  as  well  as  self-compensation  by  occupying 


interstitial  positions  where  they  act  as  donors  [44].  For 
instance,  doping  with  lithium  creates  semi-insulating  ZnO  [45] 
because  of  additional  interstitial  Li  atoms  acting  as  donors  [43] 
compensating  the  acceptors.  Nevertheless,  /7-type  ZnO  layers 
with  p  ~  1x10*^  cm'^,  Pp  =  2.44  cmWs  have  been  reported 
using  Li  as  an  acceptor  dopant  [46].  Homojunction 
light-emitting  diodes  utilizing  /7-type  ZnO  doped  with  Na  have 
also  been  reported  recently  [47]  [48].  P-type  layers  showed 
hole  concentration  varying  from  4.8.5x10*^  cm'^  to  4.7x10** 
cm*  with  low  Hall  mobilities  ranging  from  0.12  to  1.42 
cm*Ws,  which  are  too  low  to  accord  confidence  in  the 
applicability  of  this  particular  measurement  to  these  particular 
samples.  Nevertheless,  the  ionization  energy  of  Na  acceptor 
was  found  to  be  0.164  eV  in  agreement  with  the  theoretical 
value  of0.17eV  [43]. 

As  predicted  by  first-principle  calculations  [49],  group  IB 
elements,  such  as  Cu,  Ag,  and  An,  on  Zn  sites  are  acceptors 
with  rather  high  ionization  energies  of  0.7,  0.4,  and  0.5  eV, 
respectively,  with  much  less  tendency  for  self-compensation.  It 
should  be  noted  that  the  calculated  ionization  energy  of  Cuzn 
acceptors  is  in  gross  disagreement  with  the  experimental  data 
showing  the  value  of  -3.2  eV  [50].  Several  groups  have 
recently  reported  /7-type  ZnO  films  doped  with  Ag  [51]  [52]. 
The  reported  values  for  free  carrier  concentration  and  mobility 
were /7  <  6x10**  cm  *  and Pp  <  2.4  cm*W s. 

In  an  effort  to  establish  reliable  /7-type  doping  of  ZnO,  the 
majority  of  the  attention  has  been  paid  to  the  group  VA 
elements,  mainly  N,  P,  or  As,  which  generate  acceptor  states  if 
incorporated  substitutionally  on  the  oxygen  sites.  However, 
since  their  ionic  radii  are  much  larger  than  that  of  oxygen  [1.38 
A  for  O,  1.68  A  for  N  (22%  larger  than  that  for  O),  2.12  A  for 
P*'  (51%  larger),  2.22  A  for  As*'  (59%  larger),  and  2.45  A  for 
Sb  (55%  larger)],  the  density  functional  theory  [43]  suggests 
significantly  deeper  acceptor  levels  (0.40, 0.93,  and  1.15  eV  for 

N,  P,  and  As,  respectively),  as  compared  to  the  group  lA 
elements  (see  Table  1).  Because  of  the  large  difference  in 
atomic  radius  between  O  and  Sb*',  the  binding  energy  of  this 
impurity  has  not  been  calculated  accurately,  but  presumed  to 
the  relatively  high.  It  is  believed  that  the  best  candidate  for 
/7-type  doping  in  ZnO  is  N,  because  it  has  the  smallest  ionic 
radius  ( 1 . 68  A)  among  the  group-  V impurities  mentioned  above 
[43].  Despite  only  22%  larger  ionic  radius,  N  was  found  to 
create  a  rather  deep  acceptor  level  of -0.1 65  eV  [53]  [54]  (note 
that  the  experimental  value  is  lower  than  the  predicted  value  of 

O. 4  eV  [43]).  Furthermore,  its  incorporation  on  the  lattice  sites 
is  insufficient  to  produce  high  hole  concentrations  [22]. 
Another  unattractive  feature  of  nitrogen  is  that  is  has  the 
tendency  to  self-compensate  via  the  formation  of  molecular  N2 
centers  on  O  sites  which  are  donors  [55]  [56].  Consistently, 
many  groups  reported  weak  /7-type  conduction  with  hole 
concentration  in  the  mid-10**  cm  *  range  and  Pp  ~  1-2  cm*A^s 
[57]-[59]  for  N  doping.  The  improvement  of  epitaxial 
technology  and  doping  techniques  resulted  in  enhanced 
mobilities  of  8  cm*A^s  and  25  cm*/Vs  reported  for  very  high 
quality  epitaxial  films  grown  by  laser  molecular  beam  epitaxy 
(MBE)  [60]  and  radical-source  MBE  [61],  respectively. 
However,  the  measured  hole  concentrations  are  still  moderate 
(<  5x10**  cm'*)  which  is  insufficient  for  applications  in 
light-emitting  devices. 


>  REPLACE  THIS  LINE  WITH  YOUR  PAPER  IDENTIFICATION  NUMBER  (DOUBLE-CLICK  HERE  TO  EDIT)  < 


4 


Table  1 .  Calculated  and  experimental  values  of  ionization  energies,  for  substitutional  acceptors  in  ZnO  and  calculated  ionization 

ENERGIES,  Ebcf,  FOR  PROPOSED  ACCEPTOR  DEFECT  CENTERS  INVOLVING  GROUP  VA  ELEMENTS. _ 


Group 

Element 

Ionic 

radius 

(A) 

7?,:(eV) 

Proposed  acceptor 
center 

Theory 

Experiment 

Group  lA 

Li 

2.03 

0.09  Ref.  [44] 

Na 

2.1 

0.17  Ref  [44] 

0.164  Ref  [48] 

K 

2.42 

0.32  Ref  [44] 

Group  IB 

Cu 

- 

0.7  Ref  [50] 

3.2  Ref  [51] 

Ag 

- 

0.4  Ref  [50] 

Au 

- 

0.5  Ref  [50] 

Group  VA 

N 

1.68 

0.40  Ref  [44] 

0.165  Ref  [54] 

P 

2.12 

0.93  Ref  [44] 

0.18  Ref  [90] 

Pz„-2Vz„ 

0.18  Ref  [88] 

As 

2.22 

1.15  Ref  [44] 

0.12  Ref  [89] 

Asz„-  2Vz„ 

0.15  Ref  [87] 

Sb 

2.45 

- 

0.14  Ref  [83] 

Sbz„-  2Vz„ 

0.16  Ref  [87] 

It  has  been  shown  theoretieally  [20]  that  eo-doping  with 
aeeeptor  (N)  and  donor  (AI,  Ga,  or  In)  impurities  in  the  2:1  ratio 
in  ZnO  ean  stabilize  substitution  of  N  at  the  appropriate  O 
lattiee  site  through  the  formation  of  N-Ga-N 
(aeeeptor-donor-aeeeptor  or  ADA  for  short)  bonds,  similar  to 
eo-doping  experiments  in  GaN  using  Mg  and  O.  Wang  and 
Zunger  [62]  proposed  so-ealled  eluster  doping,  i.e.,  doping 
with  even  more  partner  atoms  than  in  eo-doping,  to  further 
promote  aeeeptor  formation.  However,  it  should  be  realized 
that  the  isolated  Ga  atoms  ean  eompensate  the  N-Ga-N 
aeeeptors  [63]  redueing  the  effieaey  of  this  approaeh. 
Numerous  experimental  studies  based  on  the  eo-doping 
approaeh  have  revealed  diserepaneies  between  the  theory  and 
experiments  and  resulted  in  little  or  no  sueeess  in  terms  of 
aehieving  stable  /7-type  material  with  reasonably  high  free-hole 
mobility.  The  reported  mobilities  typieally  do  not  exeeed  1-2 
em^/(Vs)  [21]  [22]  [64]-[67]. 

Other  group  V  elements  for  substitutional  doping  on  the  O 
sites,  ineluding  P  [68]-[74],  As  [75]-[79],  and  even  Sb 
[80]-[82],  have  reeeived  relatively  less  attention  as  eompared  to 
N.  Despite  the  faet  that  ionie  radii  of  these  dopants  far  exeeed 
that  of  oxygen,  /7-type  eonduetivity  has  been  reported  for  ZnO 
doped  with  P  [71],  As  [76],  and  Sb,  [81]  [82]  ,  with  p  >  lO'* 
em“^  and  Pp  =  20  em^/(V  s)  in  ZnO:Sb  [81]  and  Pp  =  1 1  em^/(V 
s)  in  ZnO:As  [76].  Weak  /7-type  eonduetivity  with  p  =  2.7xl0'® 
em'^  and  Pp  =  8.2  emV(V  s)  has  also  been  reported  for  P-doped 
ZnMgO  grown  by  PLD  [83]-[85].  To  explain  these  somewhat 
perplexing  findings,  Limpijumnong  et  al.  [86]  proposed  a 
model  for  large-size-mismatehed  group- V  dopants  in  ZnO 
implemented  with  first-principles  calculations.  The  model  is 
based  on  the  premise  that  dopant  atoms  do  not  occupy  O  sites  as 
is  widely  perceived,  but  rather  Zn  sites,  each  forming  an 
Hzn-2Vz„  (A  =  P,  As,  Sb)  complex  with  two  spontaneously 
induced  Zn  vacancies  in  a  process  that  involves  a  five-fold 
coordination  of  a  dopant  atom.  Calculations  [86]  indicate  that 
the  Hszn-2Vzn  defect  complex  should  give  rise  to  an  acceptor 
level  at  about  0.15  eV  above  the  valence  band  maximum, 
shallower  than  that  of  Aso,  and  lower  than  formation  energy 
than  any  of  the  parent  defects  (Aszn  and  Vzn)-  When  applied  for 
Sb  and  P,  the  same  scenario  results  in  predicted  ionization 
energies  of  0.16  and  0.18  eV  for  Sbzn-2Vzn  [86]  and  Pzn-2Vzn 
[87]  centers,  respectively.  As  seen  from  Table  1,  the  ionization 
energies  calculated  for  the  z4zn-2Vzn  complexes  are  in 


reasonable  agreement  with  acceptor  ionization  energies  found 
experimentally  for  ZnO  doped  with  Sb  (0.14  eV  [82]),  As  (0.12 
eV  [88]),  and  P  (0.18  eV  [89])  and  much  lower  than  those 
predicted  for  Asq  [43]  and  presumed  for  Sbo  [86]  acceptors. 
Therefore,  these  data  suggest  the  formation  of  z4zn-2Vzn 
defect-impurity  complexes  are  responsible  for  the  acceptor 
levels  in  ZnO  doped  with  As,  P,  and  Sb.  The  implicit 
assumption  here  of  course  is  that  the  experimental  values  are 
dependable.  As  we  pointed  out,  in  systems  with  substantial 
localization,  which  is  very  likely  to  be  the  case  here,  the 
application  of  Hall  measurements  should  be  with  extreme  care. 
Further,  when  applied,  the  previous  state  of  the  system, 
temperature,  and  also  evolved  time  would  lead  to  deviations  in 
results.  From  the  viewpoint  of  device  applications,  stability  of 
these  centers  is  very  important,  because  heat  treatments  during 
device  fabrication  or  elevated  temperature  device  operation  in 
the  high  injection  current  and  electric  field  regime  can  result  in 
different  data  or  complex  decomposition  leading  to 
conduction-type  (polarity)  inversion.  For  instance,  a  fast  decay 
of  emission  efficiency  (within  few  hours)  during  device 
operation  has  been  reported  for  light-emitting  structures  with 
/7-type  regions  doped  with  nitrogen  [90]  and  phosphorous  [91]. 
Although  light-emitting  diodes  and  even  lasing  have  been 
reported  for  ZnO-based  structures  with  /7-type  layers  doped 
both  with  As  [92]  [93]  and  Sb  [94]  [95]  ,  the  data  on  the 
stability  of  acceptor  centers  in  ZnO  doped  with  As  and  Sb  are 
unavailable  at  present  time. 

A  new  insight  into  the  /7-type  problem  has  been  provided 
by  recent  studies  of  local  conductivity  in  acceptor-doped  ZnO 
grown  by  the  MOCVD  [96]-[98]  and  spray  pyrolysis  [99] 
methods  using  scanning  capacitance  microscopy  (SCM)  and 
scanning  surface  potential  microscopy  (SSPM),  which  are 
variants  of  atomic  force  microscopy  (AFM).  It  has  been 
demonstrated  that  impurities  are  preferentially  incorporated  at 
or  near  growth  defects  [96].  Depending  on  the  growth 
parameters,  extended  /7-type  domains  surrounded  by  n-type 
regions  were  observed.  Clearly  this  represents  an  extreme  case 
of  localization  both  in  the  conduction  and  valence  bands.  The 
local  conductivity  type  has  been  directly  correlated  with  the 
topography  in  that  smooth  two-dimensional  surfaces  exhibit 
/7-type  conductivity  whereas  the  n-type  conductivity  is  seen  in 
regions  with  three-dimensional  island  growth  or  structural 
defects,  such  as  microcracks  or  surface  pits.  Fig.  2  shows  a 


>  REPLACE  THIS  LINE  WITH  YOUR  PAPER  IDENTIFICATION  NUMBER  (DOUBLE-CLICK  HERE  TO  EDIT)  < 


5 


ISfiin  0 


ISfiin 


?z=i50nm  ac/av=io  V 

Fig.  2.  Typical  AFM  (left)  and  SCM(right)  images  of  MOCVD  ZnO 
layers  doped  with  (a)  nitrogen  and  (b)  arsenic  and  (c)  and  (d)  co-doped 
with  both  acceptor  species,  but  with  different  surface  morphologies.  The 
surfaces  of  the  mono-doped  samples  exhibit  three-dimensional  islands 
with  typical  diameters  of  about  5-8  and  1-2  pm  for  N  and  As  doping, 
respectively  (a)  and  (b).  The  corresponding  SCM  images  show  dominant 
«-type  regions  despite  the  acceptor  doping.  Very  small  p-type  domains 
(depicted  by  arrows)  exclusively  related  to  island/grain  boundaries  were 
found  only  for  ZnOiN  (a),  whereas  ZnO:As  revealed  no  significant 
p-type  regions,  but  a  majority  of  depleted  areas  (dark)  due  to  the  smaller 
grains  and  the  superimposed  space-charge  regions  (b).  For  the 
dual-doped  layers,  image  (c)  shows  a  typical  sample  with  mixed 
conductivity,  i.e.,  with  dominant  three-dimensional  islands  which  are  of 
«-type  in  SCM  and  with  smoother,  p-type  regions.  In  contrast,  the 
sample  grown  under  conditions  yielding  very  flat  surface  (d)  reveals 
dominant  smooth  />-type  domains  which  are  only  partly  disturbed  by 
very  few  microcracks  and  three-dimensional  islands  which  are  all  n-type 
(depicted  by  arrows)  (courtesy  of  A.  Krost). 


mosaic  of  AFM  and  SSPM  images  for  ZnO  layers  grown  by 
metal-organic  chemical  vapor  deposition  (MOCVD).  For  the 
fdms  co-doped  with  As  and  N,  stable  /'-type  ZnO  was  achieved 
if  the  growth  was  two  dimensional  and  yielded  smooth  surfaces 
(see  Fig.  2).  In  contrast,  the  acceptor  doping  completely  failed 
if  the  growth  was  three-dimensional  [96]  [97].  These  data  show 
again  that  a  fundamental  understanding  of  impurity-defect 
interaction  is  of  vital  importance  for  the  control  over  the 


conductivity  type  in  ZnO.  Another  clear  message  is  that  the 
density  of  extended  defects  (grain  boundaries  and  very  likely 
dislocations  and  stacking  faults)  should  be  minimized  for 
successful  p-type  doping.  These  observations  appear  to 
indicate  that  successful  /'-doping  can  be  achieved  by  growing 
homoepitaxial  ZnO  fdms  on  high-quality  ZnO  substrates  which 
are  becoming  commercially  available  now.  The 
two-dimensional  growth  mode  easily  attainable  for 
homoepitaxy  would  obviously  have  the  added  benefit  of 
reducing  the  point-defect  density.  It  should  be  noted  that  the 
majority  of  reported  studies  devoted  to  /'-type  doping  of  ZnO 
have  been  performed  on  heteroepitaxial  film  grown  on  foreign 
substrates,  in  most  cases  in  3-dimentional  growth  mode.  This  is 
part  due  to  the  unavailability  of  native  substrates  until  recently. 

IV.  Strategies  used  to  potentially  overcome  p-type 

PROBLEM 

After  more  than  a  lO-year  quest  for  a  robust  and  stable 
p-type  ZnO,  it  became  clear  that  the  straightforward 
approaches  did  not  lead  to  any  major  breakthrough  in  achieving 
competitive  ZnO  p-n  junctions  suitable  for  light-emitting 
devices.  Another  approach  for  tackling  the  p-type  problem  is, 
therefore,  warranted.  In  this  section  we  will  consider  several 
approaches  proposed  recently  by  Wei  and  co-workers  [24]  [49] 
[55]  [86],  which  are  based  on  first-principles  calculations  of  the 
defect  formation  energies  and  transition  energies  of  intrinsic 
and  extrinsic  defects.  It  was  suggested  that  (/)  the  solubility  of 
acceptor  impurities  can  be  increased  by  adjusting  their 
chemical  potential  using  non-equilibrium  growth  methods 
(MBE,  MOCVD,  etc  );  (ii)  the  ionization  energy  of  acceptor 
levels  can  be  reduced  by  designing  shallower  dopants  or  dopant 
complexes;  {Hi)  both  the  ionization  energy  of  acceptor  level 
and  defect  compensation  can  be  reduced  by  modifying  the  host 
band  structure  near  the  band  edges. 

A.  Improving  dopant  solubility 

The  solubility  limit  for  acceptor  impurities  in  ZnO,  as  well 
as  other  wide-gap  materials  suffering  from  doping  asymmetry, 
can  be  enhanced  above  the  thermodynamic  limit  by  employing 
“non-equilibrium”  growth  techniques,  such  as  MBE  and 
MOCVD.  One  way  to  improve  the  dopant  solubility  is  through 
adjusting  dopant  chemical  potential  pa-  The  chemical  potential 
of  an  acceptor  dopant  in  the  ZnO  matrix  determines  the  dopant 
solubility.  Therefore,  raising  this  potential  would  increase  the 
solubility  of  the  dopant  coupled  with  avoidance  of  precipitate 
formation  [100]. 

Fig.  3  shows  the  calculated  formation  energies  of  charge 
neutral  defects  as  a  function  of  the  O  chemical  potential.  Here, 
the  chemical  potential  of  nitrogen,  is  derived  from  N2  gas.  It 
is  seen  from  the  figure  that  the  formation  energy  of  nitrogen 
acceptors  on  oxygen  sites.  No,  is  lower  under  the  O-poor 
conditions,  but  higher  when  the  conditions  are  O-rich.  It 
should  be  noted  that  O-poor  or  O-rich  conditions  can  be 
controlled  during  growth  through  the  flux  of  oxygen  radicals 
arriving  at  the  substrate  surface  in  radical-source  MBE  or 
through  the  ratio  of  Zn-  and  O-containing  precursors  in 
MOCVD.  The  vertical  dashed  line  in  the  figure  separates  the 
regions  where  Zn3N2  will  (region  to  the  left  of  the  line)  and  will 
not  precipitate  (region  to  the  right  of  the  line)  under  the 
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Fig.  1.  Formation  energies,  AHf,  for  intrinsic  defects  and  (NH)  in 
ZnO  calculated  by  using  first-principles  density-functional  theory 
(courtesy  of  Y.  F.  Yan  and  S.  H.  Wei). 

thermodynamically  equilibrium  growth  conditions.  These 
calculations  show  that  the  precipitation  of  a  secondary  phase 
can  limit  the  solubility  of  dopants.  If  non-equilibrium  growth 
techniques  is  used,  the  precipitation  can  be  suppressed,  e.g.,  by 
growing  ZnO  at  low  temperatures.  However,  in  this  case,  the 
acceptors  often  need  to  be  activated  by  heat  treatment  at 
temperature  higher  than  the  growth  temperature.  Therefore,  the 
Zn3N2  phase  may  appear  upon  annealing.  As  seen  in  Fig.  3,  to 
enhance  the  solubility  of  nitrogen,  ZnO  fdms  should  be 
synthesized  under  the  O-poor  conditions.  However,  the 
formation  energies  for  “acceptor-killer”  defects,  such  as  Zn, 
and  Vo,  also  decrease  under  the  O-poor  conditions,  making 
them  more  likely.  Thus,  there  is  an  inherent  conflict  in  our 
attempts  for  enhancing  the  p-type  doping  if  N2  is  used  as  a 
dopant.  From  a  practical  point  of  view,  some  additional 
obstacles  may  arise  on  the  growth  side.  One  known  problem  is 
the  strong  relationship  between  the  growth  mode  and  growth 
conditions  for  non-equilibrium  growth  techniques.  For 
instance,  high  quality  Zn-polar  ZnO  can  be  grown  by  MBE 
only  under  oxygen  rich  conditions.  The  reduction  of  the  O/Zn 
ratio  results  in  three-dimensional  material  with  very  rough 
surface  morphology  [101]  which  is  a  very  undesirable  scenario 
because,  as  mentioned  above,  impurities  are  preferentially 
incorporated  at  or  near  growth  defects  [96]  [97].  MBE  growth 
of  high-quality  O-polar  ZnO  calls  for  roughly  a  1 : 1  O/Zn  ratio, 
and  any  deviation  towards  either  O-poor  or  O-rich  conditions 
shifts  the  tendency  of  growth  towards  3-dimentional  (3D) 
mode  and  thus  deteriorates  the  material  quality  [102].  One 
should  note  that  while  the  theory  deals  with  the 
thermodynamically  equilibrium  point  defects,  non-equilibrium 
defects  also  should  be  considered.  Atomically  smooth  surfaces 
synonymous  with  2D  growth  prevents  the  generation  of  both 
extended  and  non-equilibrium  point  defects,  while  the  3D 
growth  mode  strongly  favors  their  formation.  We  should  be 
aware,  however,  that  adding  dopant  species  to  the  system  can 
shift  the  optimum  growth  window.  What  is  clear  is  that  this 
problem  needs  further  theoretical  and  experimental  attention. 

To  resolve  the  dilemma,  how  to  increase  the  solubility  of  a 
desired  dopant  and  to  prevent  at  the  same  time  formation  of 
compensating  defects,  two  different  approaches  have  been 
proposed:  (i)  tuning  the  Fermi  energy  of  ZnO;  (it)  selecting 
appropriate  dopant  precursors. 


Fig.  4.  Calculated  formation  energies  of  neutral  No  centers  for  different 
nitrogen  precursors  as  functions  of  the  O  chemical  potential.  The  left, 
middle,  and  right  dashed  vertical  lines  indicate  the  limits  for  O  chemical 
potentials  below  which  Zn2N3  will  precipitate  for  N2O,  NO,  and  NO2 
molecules,  respectively  (courtesy  of  Y.  F.  Yan  and  S.  H.  Wei). 

The  solubility  of  both  the  dopants  and  compensating 
defects  depends  critically  on  the  Fermi  level.  If  we  could  pin 
the  Fermi  level  at  a  desired  position,  then  we  may  enhance  the 
solubility  of  a  dopant  and  suppress  the  formation  of 
compensating  defects.  One  popular  approach  to  control  the 
Fermi  level  position  is  passivating  the  dopants  by  hydrogen. 
Hydrogen  passivation  is  well  known  in  a  plethora  of 
semiconductor  systems,  such  as  various  III-V  systems  [103] 
[104]  ,  non-oxide  II-VI  semiconductors,  [105]  [106],  and 
Ill-nitrides  [107]  [108].  For  example,  in  Mg-doped  GaN, 
introduction  of  H  can  prevent  the  Fermi-level  from  shifting, 
passivates  Mg,  and  increases  the  solubility  of  Mg  as  well  [107]. 
After  the  growth,  H  is  driven  out  by  annealing  in  an  H  void 
environment  to  achieve  p-type  conductivity.  Likewise,  in 
addition  to  preventing  the  Fernii  level  shift,  co-doping  with  H 
can  directly  passivate  N  dopants  by  forming  molecular  NH 
complexes  on  O  sites  [(NH)o]  in  ZnO:N.  The  binding  energy 
for  (NH)ois  2.9  eV  and  (NH)o  complexes  electronically  mimic 
the  O  atoms  (i.e.,  act  neither  as  donors  nor  acceptors)  and  cause 
a  smaller  lattice  distortion  than  Nq.  Thus,  the  concentration  of 
(NH)o  in  ZnO  can  be  made  much  higher  than  that  of  Nq  [109]. 
As  seen  from 

As  seen  from  Fig.  3,  the  calculated  formation  energy  of 
(NH)o  is  much  lower  than  the  formation  energies  of  Nq  and  the 
major  compensating  defects  (Oy  and  Zni)  under  the  O-poor 
conditions.  As  elucidated  above,  p-type  dopants  are  activated 
by  driving  out  the  hydrogen  atoms  from  the  sample  during 
post-growth  thermal  annealing.  Several  studies  have  reported 
hydrogen-assisted  N-doping  of  ZnO  [110]  [111].  To  date,  the 
reported  carrier  concentrations  and  mobilities  do  not  yet  exceed 
values  reported  by  employing  other  approaches  (p  <  1x10*^ 
cm'^,  Pp  <  1  cmWs),  if  indeed  the  reported  values  are  reliable 
(note  very  low  mobility  value  pointing  to  the  strong 
localization  in  this  material). 

Solubility  of  nitrogen  acceptors  in  ZnO  can  also  be 
enhanced  by  metastable  molecular  doping.  There  are  at  least 
four  different  gases,  namely  N2,  NO,  NO2,  and  N2O,  that  can  be 
used  as  nitrogen  dopant  source  [55]  [1 12].  If  these  molecules 
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arrive  intact  at  the  growing  surface,  their  chemical  potentials 
will  determine  the  doping  efficiency.  Fig.  4  shows  the 
calculated  formation  energies  of  Nq  neutral  centers  for  4 
different  nitrogen  precursors  (N2,  N2O,  NO,  NO2)  as  a  function 
of  oxygen  chemical  potential.  As  seen  from  the  figure,  the 
nitrogen  solubility  can  be  enhanced  significantly,  if  metastable 
NO  or  NO2  gases  are  used  as  the  nitrogen  source.  The  reason 
why  doping  with  NO  or  NO2  should  result  in  higher  solubility 
of  nitrogen  as  compared  to  N2  and  N2O  is  that  these  molecules 
can  supply  nitrogen  atoms  by  breaking  only  the  weak  N-O 
bonds,  whereas  the  strong  N-N  bonds  need  to  be  broken  in  the 
cases  of  N2and  N2O  nitrogen  precursors.  One  should  note  that 
molecular  doping  is  already  employed  in  gas-phase  growth 
techniques  such  as  MOCVD,  but  have  not  given  rise  to  any 
major  improvement  of  />-type  doping.  Similarly,  in 
radical-source  MBE  plasma  sources  are  already  employed  for 
cracking  gas  molecules  which  allow  dopant  species  to  arrive  on 
the  growing  surface  in  a  form  of  very  reactive  radicals. 
Therefore,  the  molecular  gas  dopant  source  approach  is 
unlikely  to  improve  nitrogen  incorporation  in  radical  source 
MBE.  The  molecular 

doping  mainly  using  NO  as  a  nitrogen  precursor  have  been 
employed  in  many  experimental  studies  (e.g.,  see  [113]  [1 14]). 
However,  the  reliable  p-type  material  with  free-carrier 
concentrations  well  in  excess  of  lO’^  cm~^  has  not  been 
reported  yet  to  the  best  of  our  knowledge. 

B.  On  designing  shallow  acceptor  levels  in  ZnO 

Since  the  valence  bands  of  most  compound 
semiconductors  are  formed  mainly  by  the  orbitals  associated 
with  anion  atoms,  acceptor  dopants  on  cation  sites  generally 
cause  smaller  perturbation  of  the  valence  band  than  dopants  on 
the  anion  sites.  As  the  results,  dopants  on  cation  sites  produce 
shallower  acceptor  levels  than  dopants  on  anion  sites  [24]  [49]. 
An  additional  benefit  of  the  acceptor  substitution  on  cation  sites 
is  that  the  self-compensation  by  anion  vacancy  (Vq)  also 
reduces.  As  discussed  in  Section  III,  group  I  elements  on  Zn 
sites  are  acceptors.  However,  group  lA  acceptors  (Li,  Na,  K), 
despite  shallow  acceptor  levels  (see  Table  1),  suffer  from 
self-compensation  and  are  fast  diffusers.  Group  IB  elements  are 
also  unlikely  to  be  very  promising  acceptors  in  ZnO,  although 
the  calculations  by  Yan  et  al.  [49]  have  shown  that  the 
formation  energies  of  group  IB  acceptors  on  Zn  sites  (Cuzn, 
Agzn,  Auzn)  are  small  under  O-rich  conditions,  and  the 
formation  of  donor  defects  is  suppressed.  The  ionization 
energies  of  acceptor  defects  are  too  high  (0.4  eV  for  Agzn  is  the 
lowest  among  them)  from  a  practical  point  of  view.  Therefore, 
group  I  acceptors  do  not  seem  very  promising  for  achieving 
p-type  ZnO. 

Co-doping  of  ZnO  with  acceptors  and  isovalent  atoms  is 
another  proposed  approach  [115]  to  lower  the  acceptor 
ionization  energy.  Using  first-principles  band-structure 
calculations,  it  was  shown  that  the  acceptor  transition  energies 
of  Vzn-Oo  can  be  reduced  by  substituting  O  with  more 
electronegative  F  to  lower  the  electronic  potential,  whereas  the 
transition  energy  of  No  acceptors  can  be  reduced  by  replacing 
Zn  with  isovalent  Mg  or  Be.  In  the  latter  case,  the  high 
ionization  energy  of  Nq  acceptors  has  its  genesis  in  the  strong 
coupling  between  the  acceptor  level  and  Zn  3d-orbitals.  If  we 


replace  the  neighboring  Zn  atom  by  the  isovalent  Mg  or  Be 
atoms  that  have  similar  atomic  sizes  as  Zn  but  with  no  occupied 
d-orbitals,  the  electron  transition  energy  level  of  Nq  +  nMgzn 
(or  nBczn)  would  be  expected  to  be  lower  than  that  of  No  in 

Table  2.  Calculated  binding  energy  E,  of  the  acceptor 

DEFECT  COMPLEX  IN  ZnO  AND  THEIR  ELECTRON  TRANSITION 

ENERGY  BETWEEN  THE  NEUTRAL,  AND  FIRST  IONIZED  STATES 


AND  ELECTRON  TRANSITION  BETWEEN  THE  FIRST  AND  SECOND 
IONIZED  STATES,  151. _ 


Defect 

Eb,  (eV) 

£o/-(eV) 

£-/2-(eV) 

No 

0.31 

No-Mgzn 

0.3 

0.29 

No-4Mgz 

1.6 

0.23 

n 

No-Bczn 

0.1 

0.22 

No-4Bezn 

1.9 

0.12 

Vzn 

0.18 

0.34 

Vzn-Fo 

-2.3 

0.16 

ZnO.  The  largest  reduction  of  the  acceptor  ionization  energy  is 
expected  for  n  =  4,  when  the  tetrahedral  environment  around 
No  is  preserved  and  no  level  splitting  occurs.  Table  2 
summarizes  the  results  of  the  first  principles  calculations  for 
several  proposed  defect  complexes  [115]. 

As  seen  from  Table  2,  the  No  +  uBczn  complexes  have  the 
lowest  calculated  ionization  energy  for  single  ionized  acceptor 
(electron  transition  energy  Eqi_  between  the  neutral  and  first 
ionized  states  in  Error!  Reference  source  not  found.) 
Therefore,  Be  could  be  a  good  co-dopant  pair  for  nitrogen  to 
achieve  /i-type  ZnO.  In  the  case  of  intrinsic  /i-doping  via 
Zn-vacancies,  co-doping  with  fluorine  should  lower  the 
ionization  energy  of  Vzn  acceptors  [115].  However,  the 
implementation  of  this  approach  may  not  be  as  straightforward 
as  it  seems  at  a  first  glance,  because  the  isovalent  co-doping  of 
ZnO  will  result  also  in  an  increase  of  the  band  gap  which 
usually  gives  rise  to  an  increase  of  the  ionization  energies  of 
donors  and  acceptors.  Therefore,  the  doping  profiles  of 
acceptor  and  isovalent  impurities  should  be  carefully  designed. 
Probably,  5-doping  with  isovalent  atoms  can  be  applied  to 
lower  the  acceptor  ionization  energy. 

As  discussed  in  Section  III,  doping  with  large  atomic  size 
group  VA  elements,  such  as  P,  As,  and  Sb,  may  also  result  in 
shallow  defect  levels.  For  instance,  the  atomic  sizes  of  As  and 
Zn  are  similar.  Aszn  has  a  relatively  low  formation  energy  but  it 
is  a  (triple)  donor.  Vzn  is  a  native  (double)  acceptor  with  low 
formation  energy.  However,  one  Aszn  and  two  Vzn  could  bind 
strongly  and  form  a  new  acceptor  complex  (Aszn-2Vzn).  This 
complex  has  a  low  formation  energy,  and  its  ionization  energy 
is  calculated  to  be  ~  0.15  eV  [86]  which  is  in  reasonable 
agreement  with  the  measured  value  of  0.12  eV  [88]. 
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C.  Modification  of  the  host  band  structure  to  reduce 
ionization  energy  and  compensation 

Another  approach  that  has  been  proposed  to  reduce 
native-defect  compensation  and  acceptor  ionization  energy  is 
the  modification  of  the  host  band  structure  by  introducing  a 
fully  compensated  impurity  band  near  the  valence  band 
maximum  of  the  host  [116].  In  theory  this  is  accomplished  by 
introducing  a  fully  compensated  defect  band  near  the  valence 
band  maximum  or  the  conduction  band  minimum  through 
doping  by  mutually  passivated  donor-acceptor  pairs.  It  should 
be  noted  that  the  concentration  of  the  defects  inducing  the 
impurity  band  should  exceed  a  certain  percolation  limit. 
Second,  after  the  fully  compensated  insulating  band  is  formed, 
excess  acceptor  dopants  can  be  used  in  the  passivated  system  to 
achieve  /i-type  conductivity. 

For  instance,  the  valence  band  edge  of  ZnO  can  be 
modified  by  passivating  co-dopants  such  as  Ga  and  N.  N 
combined  with  Ga  creates  a  passivated  defect  band  above  the 
valence  band  maximum.  Then,  shallow  acceptor  levels  can  be 
created  by  doping  the  passivated  ZnO:(Ga-i-N)  system  with 
excessive  N.  The  calculated  defect  level  of  N  in  this  scenario  is 
located  about  0.1-  0.2  eV  above  the  defect  band.  However,  one 
should  keep  in  mind  that  the  introduction  of  such  a  defect  band 
will  result  in  dramatic  degradation  of  electronic  and  optical 
properties  of  the  material  due  to  large  lattice  disorder.  Strong 
carrier  localization  and,  therefore,  low  hole  mobility  can  be 
expected  in  a  material  with  impurity-band  doping.  From  a 
practical  point  of  view,  use  such  a  material  for  carrier  injection 
requires  very  high  hole  concentration,  probably  of  the  order  of 
10^°  cm■^ 

V.  Conclusions 

In  conclusion,  despite  great  strides  and  tantalizing  data,  a 
compelling  argument  can  be  made  that  no  credible  /'-type  ZnO 
suitable  for  light-emitting  devices  has  been  reported  up  to  this 
point.  Although  /J-type  conductivity  has  been  noted  in  ZnO 
doped  with  variety  of  impurities  (virtually  with  all  that  have 
been  tried),  none  of  the  approaches  provided  a  reliable  conduit 
for  resolving  the  /'-type  problem  and  achieving  robust  LEDs. 
The  defective  nature  of  ZnO,  localization  induced  by  the 
candidate  p-type  impurities,  and  possibly  other  complications 
such  as  shunting  conduction  layers,  etc.,  make  it  very  difficult 
to  interpret  the  Hall-effect  measurements.  Report  of  a  credible 
injection  structure  would  lessen  the  emphasis  on  questions 
surrounding  the  Hall  measurements.  Several  issues  must  be 
addressed  for  a  successful  resolution  of  the  p-type  problem  in 
ZnO.  Further  reduction  of  point  and  extended  defects  which  act 
as  either  compensating  centers  for  the  intended  p-type 
impurities  (point  defects)  or  regions  of  localization  for  such 
centers  (extended  defects)  is  needed.  Moreover,  extended 
defects  promote  the  formation  of  non-equilibrium  point  defects 
as  well.  Reduction  in  the  unwanted  impurities,  many  of  which 
act  as  shallow  or  deep  donors,  compensating  the  acceptor 
impurities  by  proper  designing  of  growth  conditions  is  also 
necessary.  Insight  into  the  nature  of  acceptor  centers  in  ZnO 
that  will  allow  the  prediction  of  their  behavior,  thermal 
stability,  and  elaboration  on  techniques  for  improving  p-type 
impurity  incorporation  and  activation  are  warranted. 


The  most  straightforward  avenue  for  addressing  defects  is 
by  employing  homoepitaxy  on  bulk  ZnO  substrates,  which  are 
available  now,  and  by  optimizing  the  growth  conditions  in  such 
a  way  that  the  formation  energies  for  compensating  donors 
would  increase.  Additionally  homoepitaxy  promotes 
two-dimensional  growth  mode  which  in  turn  suppresses  the 
formation  of  extended  and  non-equilibrium  point  defects.  The 
unwanted  impurity  concentration  can  be  addressed  by 
improving  growth  techniques  in  regard  to  both  thin  fdms  and 
bulk  material.  Development  of  theoretical  models  predicting 
defect  and  impurity-defect  centers  in  ZnO  and  combination  of 
modem  analysis  techniques,  such  an  x-ray  extended  absorption 
fine  stmcture  or  Z-contrast  scanning  transmission  electron 
microscopy  together  with  energy  dispersive  spectroscopy  and 
electron-energy  loss  spectroscopy  would  provide  insight  into 
the  nature  of  these  centers  and  establish  control  over  the 
electrical  properties  of  ZnO.  All  these  together  would  have  the 
potential  to  pave  the  way  for  “useful”  /'-type  ZnO. 
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